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Parasite immunity: Pathways for expelling intestinal helminths
Rick M. Maizels and Martin J. Holland
Helminth parasites induce strong immune responses
that are initiated by cytokines, in the first instance
interleukin-4 and interleukin-13. Recent studies of
knockout mice deficient in these mediators or their
shared receptor have revealed discrete pathways
required for expulsion of different gut parasites.
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The immune system is dependent upon a web of small
soluble protein molecules that modulate a wide range of
potent immune effector mechanisms. These mediators, or
cytokines, are secreted by distinct subsets of cells, and
exert differential effects on the immune system [1]. Two
such groups of cytokines are derived from T cells: type 1
cytokines are broadly inflammatory, and include interferon-
γ (IFN-γ) and tumour necrosis factor-β (TNF-β); type 2
cytokines, such as interleukin-4 (IL-4), IL-5, IL-6, IL-10
and IL-13, promote B-cell and granulocyte growth and dif-
ferentiation. This designation parallels the typical helper
T-cell subsets from which these cytokines are produced:
Th1 cells secrete IFN-γ and TNF-β, whereas Th2 secrete
the type 2 cytokines. Cytokines produced by Th1 and Th2
cells have opposing effects: the type 1 cytokine IFN-γ
directly downregulates Th2 cells, while the type 2 cytokine
IL-4 indirectly blocks Th1 cell expansion. A Th1 response
can thus be artificially favoured by providing either exoge-
nous IFN-γ or anti-IL-4 neutralising antibodies.
Much of our understanding of this system stems from
studying infections that polarise the immune system
towards one type of response or the other. Intracellular
pathogens, such as Mycobacterium and Leishmania, stimulate
a Th1-dominated response, whereas helminths, such as
nematodes and schistosomes, evoke stronger Th2 reactions
[1,2]. A Th1 or Th2 response may be curative, but regula-
tion by the ‘opposite’ subset may be necessary to prevent
the reaction killing the host as well as the parasite [3,4]. 
Parasites can reveal the true workings of the immune
system in ways in which model protein antigens may not.
They also present a paradox to the immunologist: how can
such distantly related organisms deceive or defy an
immune system that is sensitive enough to reject trans-
plants from other members of the host species? Studying
when and where the immune response succeeds or fails in
eliminating parasites can be illuminating. The insights
gained from such studies with protozoal parasites, such as
Leishmania have been well reviewed [1]. We shall focus
here on helminth parasites, multicellular worms that
occupy an extracellular niche in the host, and that are an
important and intensively studied group of pathogens.
Effective immunity against nematodes inhabiting the gas-
trointestinal tract is known to require T cells that are acti-
vated along the Th2 pathway [2,5]. The more recalcitrant
set of tissue-dwelling helminths, such as schistosomes and
filarial nematodes, are not eliminated in such a clear-cut
way [3,4]. Recent studies have shed new light on the
cytokine signalling pathways that play a part in the expul-
sion of helminth gut parasites.
Key cytokines for immunity to gut helminths
The central cytokine of the type 2 immune response is
IL-4. Thus the administration of IL-4 to mutant severe
combined immunodeficient (SCID) mice, which lack both T
and B cells, provokes expulsion of gut nematodes, such as
Nippostronglyus brasiliensis [6]. Antibody neutralisation of
IL-4 greatly reduces Th2-type responses, but does not
block expulsion, complete ablation being observed only
when anti-IL-4 receptor antibody is employed [7].
Moreover, N. brasiliensis expulsion is only slightly delayed
in ‘knockout’ mice that lack IL-4 as a result of targeted
gene inactivation [7,8]. IL-4 is thus sufficient, but not
essential, for expulsion of N. brasiliensis. Studies on other
gut nematode parasites have shown a similar picture of an
overall requirement for Th2 responses for expulsion, but
with differing degrees of dependence upon IL-4 [2,5].
The Th2-cell-derived factor that can substitute or
compensate for IL-4 has now been identified as the
cytokine IL-13. Treatment of rag-2 mutant mice, which
like SCID mice lack all lymphocytes, with IL-13 reduces
their parasite load significantly [9]. More conclusively, in
IL-13 knockout mice, expulsion of N. brasiliensis is severely
delayed [10], and expulsion of Trichuris muris prevented
altogether, despite an otherwise intact Th2-type response
[11]. The overlapping, but non-identical, biological activi-
ties of IL-4 and IL-13 can be explained by the ability of
IL-13 to signal through IL-4 receptor-α. This has now
been verified by the observation that IL-4Rα knockout
mice are unable to expel N. brasiliensis within the normal
time scale [7,9].
The genes for IL-4 and IL-13 are structurally similar and
reside within a cluster of cytokine genes, including those
for IL-3, IL-5 and granulocyte/macrophage-colony stimu-
lating factor (GM-CSF). The close functional relationship
between IL-4 and IL-13 has been confirmed by the latest
studies on rodents infected with gut nematode parasites
[9–11]. These results will force a reassessment of many
earlier reports in which IL-4 knockout mice showed an
unexpectedly normal phenotype, and may require experi-
ments to be repeated in either IL-4 and IL-13 double-
knockout or IL-4Rα knockout mice.
How do type 2 cytokines work in the gut environment?
The efficacy of IL-4 in inducing expulsion of N. brasiliensis
in SCID mice demonstrates that it must stimulate a non-
lymphoid — that is, non-B, non-T — cell. The common
features of helminth-induced Th2 responses have long
been noted as immunoglobulin E production, eosinophilia,
and mastocytosis. As SCID mice have no B cells,
immunoglobulin E is clearly not necessary for expulsion of
a primary nematode infection, although it is involved in
the more rapid response to a challenge infection with para-
sites such as Trichinella spiralis [12]. Eosinophils appear to
play no role in expulsion of parasites from the gut,
although they may intercept tissue-migrating larvae en
route to their definitive site (reviewed in [2]).
Two cell types that undergo dramatic expansion in the
parasitized gut epithelium are mucosal mast cells, and the
secretory goblet cells which export mucins. Significantly,
IL-13 knockout mice chronically infected with N.
brasiliensis lack the goblet cell hyperplasia and increased
mucin secretion characteristic of infection in normal
animals [10]. Evidence has accumulated to implicate
goblet cells and their mucus as key elements in expulsion
of N. brasiliensis [13]. High levels of mucus production trap
parasites in the lumen and minimise their ability to anchor
in the gut (Figure 1). Reduction in villous lengths may
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Mechanisms of expulsion of intestinal nematode parasites. Both (a)
mast-cell-independent and (b) mast-cell-dependent pathways can
mediate expulsion, depending on the species of parasite. (a) In the
primary response to Nippostrongylus brasiliensis, an initial population
of parasite-reactive cells rapidly generates type 2 cytokines, which
promote a Th2 response. Th2 cells in turn produce more IL-4 and 
IL-13, which stimulate goblet cell proliferation and mucin secretion,
and — directly or indirectly — physiological changes in the gut
epithelium and muscle that lead to expulsion. (b) In the response to
Strongyloides species, other products of Th2 cells, IL-3 and IL-9,
stimulate mast cell growth and degranulation, increasing intestinal
permeability, smooth muscle contraction and net fluid secretion. On re-
infection with the same species, a secondary response can be
mounted almost immediately by mast cells armed with pre-formed
immunoglobulin E (IgE) synthesized by parasite-specific B cells (blue).
also constrain parasites, while increased peristalsis and net
fluid secretion facilitate expulsion. Leukotrienes and IL-4
increase gut motility, the increased mechanical forces
aiding expulsion [14]. These mechanisms are extremely
effective, as viable fecund parasites are readily removed.
The inflammatory response
Pro-inflammatory type 1 cytokines contribute little to the
expulsion of gut helminths. Exogenous IFN-γ given to mice
infected with N. brasiliensis delays expulsion [15], whereas
an anti-IFN-γ monoclonal antibody renders mice resistant
to T. muris [5]. Similarly, administration of the Th1-promot-
ing cytokine IL-12 to mice prevents rejection of T. muris
[16], and IL-12 likewise delays expulsion and increases
fecundity in N. brasiliensis-infected animals [2]. The inhibi-
tion of immunity by IL-12 depends on IFN-γ production, as
it is lost in animals treated with an anti-IFN-γ monoclonal
antibody or in IFN-γ knockout mice [2].
Where helminths inhabit a tissue environment, the
situation is considerably more complex: IL-12 and IFN-γ
enhance the protective immunity of mice to schistosomes
[1], and in human infections, individuals with the greatest
parasite burden tend to show polarised Th2 responses.
One explanation for this is that, although Th1 responses
may be more effective at parasite clearance, they are also
more likely to cause pathology [3]. Hence, once parasites
are established in the tissues, eradication can carry such a
severe price to the host that containment is often the more
acceptable solution.
Initiating and maintaining cytokine production
A fascinating new perspective on immune regulation is
emerging from studies on events downstream from
cytokine receptor ligation. Activation of the IL-4/IL-13
receptor induces phosphorylation and translocation of a
transcription factor known as ‘signal transducer and
activator of transcription 6’ (STAT-6). STAT-6 promotes
the expression of Th2-associated genes, such as those
encoding the type 2 cytokines IL-4, IL-10 and IL-13.
STAT-6 knockout mice have a more profound Th2 defect
than that of IL-4 mutants, and are unable to eliminate 
N. brasiliensis [7]. As STAT-6 knockout mice treated with
an anti-IFN-γ monoclonal antibody are still unable to expel
N. brasiliensis, the loss of expulsion is not due to increased
IFN-γ production or sensitivity. Conversely, mice deficient
in the Th-1-promoting transcription factor IRF-1 expel 
N. brasiliensis even faster than do wild-type controls [17]. 
Cytokines thus tend to promote production of more
cytokines of their own type — but how is this cycle
initiated? The initial production of type 1 or type 2
cytokines may be from cells of the ‘innate immune system’,
which do not use the highly specific antigen receptors of B
and T cells. Cells of the innate immune system have
evolved to respond immediately to the presence of a
helminth parasite. For example, within 24 hours of infec-
tion of mice with Schistosoma mansoni there is considerable
IL-4 production, which occurs in CD4– cells, rather than
from Th cells which bear the CD4 surface marker [18]. 
Natural T cells, which have features similar to natural
killer cells and recognise antigen presented on non-
classical major histocompatibility complex (MHC) class I
molecules, are another potential source of early IL-4.
However, Th2 responses to infection are unabated in β2
microglobulin knockout mice, which lack class I MHC
molecules and natural-T-cell responses [19]. Eosinophils
may be key initial sources of IL-4 in the response to S.
mansoni, as the early IL-4 response to schistosome eggs
does not occur in IL-5 knockout mice, which lack
eosinophils [3,20]. 
Mast cells and eosinophils
Mast cells may also be involved in triggering cytokine
production, given their role in recruiting eosinophils
through IL-5 production [18]. The mast cell plays a crucial
role in immunity to some gut parasites (Figure 1). If IL-3
— a critical mast cell differentiation factor — is given to
nude mice, which have no thymus-dependent T cells,
Strongyloides ratti is expelled [21]. Similarly, IL-3 knock-
out mice show delayed expulsion of Strongyloides venezue-
lensis [22]. It is interesting that Strongyloides survives the
mucus-mediated reaction that expels N. brasiliensis [13], a
reflection of how different parasites have evolved discrete
patterns of resistance to host immune mechanisms. Over-
expression of IL-9 — a Th2 cytokine that activates mast
cells and augments immunoglobulin E and immunoglobu-
lin G1 production — confers on mice the ability to expel
T. spiralis rapidly. Both mucosal mastocytosis and parasite
expulsion can be blocked by treatment with an antibody
against the Kit receptor — which normally acts to promote
mast cell maturation — establishing a direct link between
mast cells and expulsion [23].
It is often assumed that the elimination of tissue
helminths requires activated granulocytes, such as
eosinophils, the maturation of which is dependent upon
IL-5. The depletion of eosinophils by antibody-mediated
neutralisation of IL-5 has no effect on the levels of 
S. mansoni [1] or gastrointestinal nematodes [2] that estab-
lish during a primary infection. But, in the case of skin-
dwelling Onchocerca lienalis microfilariae, the capacity to
reject the parasite after re-infection is lost if IL-5 is
depleted [24]. Similarly, immune mice kill most 
S. venezuelensis larvae in the tissues before they can reach
the gut, as this protective response is compromised by IL-
5 neutralization [25]. Thus, although eosinophils are not
necessary for immunity to gut parasites, they are very
effective against some tissue-migrating helminths.
However, not every tissue parasite is susceptible to
eosinophil-mediated destruction, and as in the gut there
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must be multiple pathways deployed to attack different
parasite species in the soft tissues of the host.
Conclusion
How can we define the ideal immune response to these
parasites? For gut parasites, a type-2, IL-4-generating
response is effective; there is a simple trade-off between
the cost of parasitism and the cost of expulsion, which
favours expulsion at higher worm numbers. For tissue
helminths, however, the immune system has a dilemma.
Should there be a bias towards a Th1 response, so that the
parasites will be more effectively destroyed but the collat-
eral damage to the host may be fatal [3]? The skew to a
Th2 response may reflect a classic compromise of min-
imising host pathology at the expense of accepting some
level of continuing infection. The choice of cytokines pro-
duced, and the balance between counteracting cytokines,
is all-important in leading the immune system to the
optimal point for host survival.
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